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This paper reports on the derivatisation, reduction efficiency, reduction mechanism and 
cytotoxicity of green tea polyphenol-reduced graphene oxide (GTP-RGO). The reduction of 
graphene oxide (GO) at 90°C using a weight ratio (WR) of GTP/GO=1 resulted in the production 
of a stable GTP-RGO dispersion in aqueous media, as indicated by the results of ultraviolet-
visible (UV-Vis) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, 
thermogravimetric analysis (TGA) and the measurement of zeta potential and electrophoretic 
mobility. In addition, the results from UV-Vis spectroscopy and X-ray photoelectron 
spectroscopy (XPS) analysis indicated the comparable reduction ability of GTP relative to the 
standard reducing agent, hydrazine (N2H4). The removal mechanism of epoxy group from GO 
via reduction reaction with GTP was investigated by implementing hybrid functional method of 
Becke-3-parameters-Lee-Yang-Parr (B3LYP)using Gaussian 09 software. The energy and 
frequency calculations showed that the GO reduction using GTP was more spontaneous and 
relatively took place faster than the reduction using N2H4, as evidenced by higher entropy change 
(∆S) (0.039 kcal/mol·K) and lower Gibbs free energy (∆G) barrier (58.880 kcal/mol).The 
cytotoxicities of GO and GTP-RGO samples were evaluated against human colonic fibroblasts 
cells (CCD-18Co). The GO sample was determined to be toxic even at low concentration (6.25 
µg/mL), while the GTP-RGO sample possesses notably low toxicity at the same concentration. 
The cell culture experiments revealed that the incorporation of GTP led to a decrease in the 
toxicity of GTP-RGO samples. 
Keywords: graphene oxide, reduced graphene oxide, green tea polyphenol, reduction 
mechanism, cytotoxicity 
1. Introduction
Graphene, a unique two-dimensional (2D) nanostructure, has garneredsubstantial 
attention from researchers in a variety of applications including nanoelectronics[1], sensors[2], 
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energy storage [3] and biomedical applications[4] due to its intriguing and exceptional 
physicochemical properties[5-7].Graphene and its derivatives have been widely reported to be 
produced via a number of versatile techniques, including the micromechanical cleavage of highly 
oriented pyrolytic graphite (HOPG) using adhesive tape[8], the decomposition of hydrocarbon 
on transition metal surfaces using chemical vapour deposition (CVD) technique [9], the thermal 
decomposition of silicon carbide (SiC) through high-temperature annealing [10] and the 
reduction of graphene oxide (GO). Among these methods, the reduction of GO is the most 
promising and efficient route for graphene production owing to its cost-effectiveness, scalability 
for mass production, versatility for chemical functionalisation, and simplicity of equipment setup 
and reaction procedures[11, 12]. 
The chemical reduction of GO with various chemical-based reducing agents, such as 
hydrazine (N2H4)[13, 14], hydroquinone (C6H4(OH)2)[15] and sodium borohydride 
(NaBH4)[16]to remove oxygen functional groups (i.e., epoxide (‒O‒), hydroxyl (‒OH), carbonyl 
(‒C═O) and carboxyl (‒COOH)) in GO has attracted considerable attention. Although N2H4 is 
known to be the most widely used and effective reducing agent for the chemical reduction of 
GO, it is highly corrosive and toxic[17, 18]. Hence, an environmentally friendly and effective 
agent for the reduction of GO is desirable. 
For many years, green tea has been utilised as a common beverage offering enormous 
health benefits including the prevention of cancer and heart disease, the lowering of high blood 
pressure, and reduction of high blood cholesterol concentrations [19, 20]. However, only recently 
has green tea attracted significant interest for its application in production of nanomaterials and 
nanocomposites. Green tea possesses the highest composition of a polyphenolic compound, 
which was regarded as an effective reducing agent due to its ability to donate an electron or 
hydrogen atom easily [21]. It has been reported that the reductive property of green tea 
polyphenol (GTP) has enabled its use in the synthesis of metal nanoparticles, such as palladium 
(Pd), gold (Au), and silver (Ag) [22-24], and the production of well-dispersed single-wall carbon 
nanotubes (SWCNTs) in water [25]. 
In this regard, it is highly probable that the reduction of GO and the preparation of a 
stable dispersion of reduced GO (RGO) could be achieved using GTP. However, despite its 
importance, the reduction mechanism of GO using GTP remains unclear mainly due to complex 
structures of GTP. We aimed to investigate the possible removal mechanism of epoxy groups 
from GO via reduction reaction with GTP through density functional theory (DFT) calculations. 
The employment of GTP for the reduction of GO may also open possibilities for the preparation 
of non-toxic RGO, allowing potential applications in the biomedical field. To achieve the 
exciting potential of RGO in biomedical applications, we sought to investigate its potential 
toxicity in detail [7, 26]. 
In this study, we utilised GTP as a safer and environmentally friendly reducing agent for 
the reduction of GO. The GO and GTP-RGO samples were analysed using ultraviolet-visible 
(UV-Vis) spectroscopy, Fourier transform infrared (FTIR)spectroscopy, thermogravimetric 
analysis (TGA), X-ray photoelectron spectroscopy (XPS) and zeta potential, as well as 
electrophoretic mobility measurements. Accordingly, the removal mechanism of epoxy from GO 
by epigallocatechin gallate (EGCG), the most potent catechin in GTP was investigated by 
implementing hybrid functional theory of Becke-3-parameters-Lee-Yang-Parr (B3LYP) using 
Gaussian 09 software. To the best of our knowledge, the reduction mechanism of GO by GTP 
through computational study has yet been investigated. In addition, the cytotoxicities of GO and 
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GTP-RGO samples were evaluated against human fibroblast cells (CCD-18Co) to understand the 
potential toxicity and biocompatibility of these samples further.  
 
2. Experimental 
 
2.1. Materials 
 
 Graphite oxide powder (purity >99 wt%) was purchased from the Chinese Academy of 
Sciences, China. Green tea leaves extract powder (total polyphenol of 99.5%) was obtained from 
Guangzhou New Sino Biotech, China, while N2H4 solution (35 wt% in water) was purchased 
from Sigma Aldrich, Malaysia. Deionised (DI) water was used as dispersion medium. Nylon 
membrane (0.22 µm) was purchased from GE Healthcare Life Sciences, USA. CCD-18Co cells 
lines were obtained from American Type Culture Collection (ATCC), USA. Both Dulbecco’s 
Modified Eagle’s Medium (DMEM) and MTT salt solution were purchased from Invitrogen Life 
Technologies, Germany. 
 
2.2. Preparation of RGO suspension 
 
 The aqueous suspension of GO consisted of 0.3 mg/mL commercially available graphite 
oxide powder in DI water. The graphite oxide sheets were dispersed ultrasonically in DI water 
for 200 seconds to exfoliate them into GO. Then, the GO suspension was centrifuged at 4000 
rpm for 30 minutes to remove the unexfoliated graphite oxide sheets. The reduction reaction of 
GO with GTP was carried out in a 50 mL batch reactor-closed system. Typically, GTP with a 
weight ratio (WR) of GTP/GO=1was added to 30 mL of GO suspension. Subsequently, the 
reduction of GO was performed in the reactor for 8 hours at 90°C while the GO-GTP mixture 
was stirred continuously at 200 rpm during the reduction reaction. The suspension of the final 
products was filtered through a nylon membrane (0.22 µm) and washed 3-5 times with DI water 
to collect the resultant GTP-RGO sheets. A stable suspension of GTP-RGO (GTP-RGO-WR1) 
was prepared by dispersing the resultant GTP-RGO sheets in DI water through sonication while 
maintaining the concentration at 0.3 mg/mL. Meanwhile, the GO suspension was also reduced 
using N2H4 solution for 8 hours under similar reduction conditions (WR of N2H4/GO=1, 90°C)to 
compare the reduction efficiency of GTP with the efficiency of N2H4 as a standard reducing 
agent. Thus, the produced RGO using N2H4 solution was referred as N2H4-RGO-WR1. 
 
2.3. Sample characterisation 
 
 The UV-Vis absorption spectra of GO and RGO samples were recorded over a 
wavelength range of 200-700 nm using Agilent Technologies Cary-60 UV-Vis spectrophotometer 
to monitor the reduction reaction of GO. The FTIR analysis was conducted to determine the 
presence of specific oxygen functional groups in GO and RGO samples. The FTIR spectra were 
recorded over a frequency range of 600 to 4000 cm-1using a Shimadzu IR Prestige -21 FTIR 
spectrophotometer. TGA was performed to evaluate the thermal stability of GO and RGO 
samples. TGA was carried out under an air atmosphere with a heating rate of 10°C/minute using 
a TGA7 Perkin Elmer Pyris instrument. The variation of chemical states of GO and RGO 
samples were examined by XPS analysis. The XPS spectra were recorded using a high 
resolution, multi techniques X-ray spectrometer (Axis Ultra DLD XPS Model Kratos). The 
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stability of GO and RGO suspensions were examined by measuring the zeta potential and 
electrophoretic mobility using Malvern Instruments Nano Series Zetasizer (ZEN 3600). 
2.4 Reduction mechanism of GO 
All calculations involving the structures and energies were computed using Gaussian 09 
software [27]. Numerous theoretical studies have shown that most of the oxygen atoms were 
adsorbed above the C-C bond across the basal plane of graphite to form epoxy groups during the 
oxidation of graphite[28, 29]. Hence, the GO was modelled as a fragment of graphene sheet 
decorated with epoxy groups while the structure of EGCG was used to represent GTP in this 
computational study. The structures of all the reactants (i.e., GO with epoxide group and GTP 
(EGCG)) and the predicted products (i.e., GTP-RGO-WR1, galloyl-derived orthoquinone and 
water) that involved in the GO reduction were illustrated schematically in Fig. 1. In this 
computational study, the GO reduction process was represented by the removal of epoxy groups 
from GO structure through the transfer of hydrogen atoms from the gallic acid unit (ring D) in 
EGCG. The other structures in EGCG (i.e., ring A, ring B and ring C) were denoted as R for 
simplification in illustration purpose. Initially, all of the geometrical structures were modelled 
using GaussView 5 software prior structural optimization using hybrid functional theory of 
B3LYP combined with the 3-21G basis set. Subsequently, the thermodynamic quantities 
including the enthalpy change (∆H), entropy change (∆S) and the Gibbs free energy change (∆G) 
were calculated by performing frequency analysis at the same level of functional theory 
(B3LYP/3-21G) using Gaussian 09 software. Similar optimization and frequency calculations 
were computed for GO reduction using N2H4 to compare the reduction efficiency between the 
two reagents. A singlet spin-restricted B3LYP method was applied in all of the optimization and 
frequency calculations.  
2.5. Cytotoxicity testing 
The cytotoxicity of GO and GTP-RGO-WR1 samples were examined against CCD-18Co 
cells by inoculating and exposing the cells to concentrations of GO and GTP-RGO-WR1 
samples ranging from 6.25-200 µg/mL. Meanwhile, another GTP-RGO suspension was 
produced by using WR of GTP/GO=5 (GTP-RGO-WR5); this GTP-RGO suspension was also 
subjected to cytotoxicity testing to investigate the effect of the incorporation of a higher amount 
of GTP on the toxicological behaviour of the GTP-RGO suspension. 
2.5.1. Cells culture
The CCD-18Co cells were cultured in DMEM supplemented with 10% fetal bovine 
serum (FBS). The cells were incubated in a humidified incubator (5% CO2, 37°C) until the cells 
reached 70% confluency in the flask. 
2.5.2. Cells seeding
The cultured cells were seeded in 96-well plates (1.5×105 cells per well) and allowed to 
attach for 24 hours before further treatment was made. The GO and GTP-RGO suspensions 
(GTP-RGO-WR1 and GTP-RGO-WR5) were diluted using cell culture medium to achieve the 
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desired concentrations of 6.25, 12.5, 25, 50, 100 and 200 µg/mL.100 µL of the medium 
containing GO and GTP-RGO particles with different concentrations were added into each well 
of the 96-well plates. For comparison, 100 µL of cell culture medium with no particles was 
added to the control well (untreated cells). 
2.5.3. MTT viability assay
The viability of the CCD-18Co cells treated with different concentrations of GO and 
GTP-RGO suspensions was evaluated colourimetrically using an MTT assay. MTT salt solution 
was added 4 hours before the end of the 72-hour sample incubation. The cell culture medium and 
the MTT solution were aspirated while the formazan solubilisation buffer was added to the wells. 
The plate was incubated for another 5 minutes (37°C) before the absorbance was measured at 
570 nm using an Ascent Multiskan ELISA microplate reader. All samples were examined in 
triplicate (n = 3). The percentage of cell inhibition was determined using the optical density 
(O.D.) values by employing Eq. (1)[30, 31]: 
% Cell inhibition = 
O.D. value (control cell) – O.D. value (treated cell)
O.D. value (control cell)
×100     (1) 
3. Results and Discussion
3.1. Monitoring the reduction reaction of GO with GTP 
Physical observation is the first indication and the most direct way to determine the 
successful reduction of GO. Post reduction reaction with GTP (WR of GTP/GO=1, 90°C), the 
colour of GO suspension was observed to change from yellow-brownish to black colour as 
shown in Fig. 2(a). This observation was presumably due to the partial re-graphitisation of GO 
and the increased concentration of the GTP-RGO-WR1 suspension as a result of the eradication 
of oxygen functionalities [32, 33]. To monitor the reduction reaction of GO with GTP, the UV-
Vis absorption spectra of GTP-RGO-WR1 were recorded as a function of reaction time (Fig. 
2(b)). As depicted in Fig. 2(b), a maximum peak at 228 nm was observed from the absorption 
spectrum of GO. The absorption peak at 228 nm could be assigned to the π-π transitions of 
aromatic C=C bonds and C=O bonds [34]. As the reaction progressed, the absorption peak of GO 
was shifted towards higher wavelengths (271 nm) indicates that the GO has been reduced and the 
sp2 bonding network of GO has been re-established. Apart from the absorption peaks at 271 nm, 
the GTP-RGO-WR1 samples also exhibit strong absorption peaks at 206 nm. These peaks 
correspond to the structure of the benzene ring in EGCG, which is the most potent catechin in 
GTP [35]. The absorption peaks at 206 nm were observed in all of the UV-Vis spectra of GTP-
RGO-WR1 samples even after those samples went through 3-5 washes signifying the strong 
adsorption between GTP and GTP-RGO-WR1. This strong interaction may be the key factor that 
influences the stability of GTP-RGO-WR1 suspension. 
In addition, the UV-Vis absorption intensity of the resulting GTP-RGO-WR1 suspension 
was observed to increase with increasing reaction time. According to Beer’s law, there is a linear 
correlation between the absorption intensity and the concentration of an absorbing species[36]. 
When the reaction time increases, the number of oxygen functionalities eliminated from GO 
multiplies. This led to an increase in the concentration of the resulting GTP-RGO-WR1 
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suspension, which may explain the increase of the absorption intensity of GTP-RGO-WR1 
suspension with increasing reaction times. However, a nearly constant absorption intensity of 
GTP-RGO-WR1 suspension was observed at a reaction time of 6 to 8 hours. At a longer reaction 
time (>6 hours), most of the oxygen functionalities of GO may already have been removed. 
Thus, there is little or no further increase in the concentration of GTP-RGO-WR1, resulting in an 
similar absorption intensities of GTP-RGO-WR1 samples produced at 6 to 8 hours. 
 The effective removal of oxygen functionalities from GO via reduction reaction with 
GTP was reflected by the FTIR and TGA spectra. The FTIR spectra of GO and GTP-RGO-WR1 
are presented in Fig. 3. The GO sample possesses multiple peaks between 1000 cm-1 to 1800 cm-
1; these peaks can be attributed to a variety of functional groups including hydroxyl (1061 cm-1), 
epoxy (1233 cm-1) and carboxyl groups (1727 cm-1) [18, 37]. In addition, another peak was also 
observed at 1620 cm-1whichcan be assigned to the skeletal vibration of unoxidised graphitic 
domains [37, 38]. Post reduction with GTP, the peaks belonging to hydroxyl, epoxy and carboxyl 
groups as well as the peak of the vibration of unoxidised graphitic domains disappeared, as 
shown in the FTIR spectrum of GTP-RGO-WR1. Additionally, new peaks emerged at 1597 cm-1 
and 2104 cm-1which were assigned to the cumulative double bond of the oxidised GTP [34]. This 
observation indicates successful reduction of GO by GTP.  
 Meanwhile, the thermal stability of GO and GTP-RGO-WR1 samples were evaluated by 
TGA in air atmosphere. Fig. 4shows the TGA curves of GO and GTP-RGO-WR1. A three-stage 
weight loss was observed from the TGA curve of GO. The first weight loss occurred below 
100°C due to the vaporisation of moisture from the GO sample. The second weight loss of 
almost 22 wt% was observed to occur in the temperature range between 150-230°C. The 
significant weight loss in this temperature range was associated with decomposition of the 
oxygen functional group in GO [18, 37]. GO also underwent further weight loss in the between 
450-565°C, primarily due to the burning of the graphitic regions [39, 40].The GTP-RGO-
WR1sample, however, exhibits only a minor weight loss of 2.35 wt% from 150-230°C. This 
observation might indicate that most of the oxygen functionalities were successfully removed 
during the reduction reaction with GTP. 
 
3.2. Reduction efficiency of GTP 
 
 Herein, we intend to compare the reduction efficiency of GTP with the efficiency of the 
standard reducer, N2H4which is known to be the most widely used and effective reducing agent 
for the chemical reduction of GO [14, 21]. However, the utilisation of N2H4 in GO reduction has 
been deterred due to its corrosive and toxic nature [17, 18]. Fernandez-Merino et al. [41] have 
suggested that the final position of the UV-Vis absorption peak can be used as an indicator to 
estimate reducing agent efficiency. Fig. 5 illustrates the UV-Vis absorption spectra of GTP-RGO-
WR1 and N2H4-RGO-WR1. After an 8-hour reduction period, the final position of the absorption 
peaks of GTP-RGO-WR1 and N2H4-RGO-WR1 were observed at 271 nm and 267 nm, 
respectively. GTP-RGO-WR1 exhibits a nearly identical final absorption peak to N2H4-RGO-
WR1 suggesting comparable reduction efficiency of GTP relative to N2H4.  
 Meanwhile, chemical state variations between GO, GTP-RGO-WR1 and N2H4-RGO-
WR1 were evaluated using XPS analysis. The XPS spectra in the C1s region of GO, GTP-RGO-
WR1 and N2H4-RGO-WR1 are depicted in Fig. 6. The C1s XPS spectrum of GO shows four 
different types of carbon components, namely, the sp2 carbon (C-C, 284.8 eV), the carbon of the 
C-O bond (287.0 eV), the carbon of the carbonyl (C=O, 289.3 eV) and the carboxylate carbon 
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(O-C=O, 291.6 eV) [14, 18]. Although the C1s XPS spectrum of GTP-RGO-WR1 also exhibits 
the same oxygen functionalities (C-O, C=O and O-C=O), their intensities are much smaller than 
those ofGO. In addition, the intensity of the sp2 carbon in GTP-RGO-WR1 was increased 
significantly compared with GO indicating the establishment of an sp2 bonding network and the 
successful reduction of GO [14, 37]. Similarly, the intensities of oxygen functionalities in N2H4-
RGO-WR1 were also reduced significantly compared to those of GO suggesting the successful 
removal of oxygen functionalities from GO byN2H4. The similar sp
2 intensities of N2H4-RGO-
WR1 and GTP-RGO-WR1 indicate the comparable reduction property of GTP relative to the 
standard reducing agent, N2H4 [14, 18, 21]. 
 A stable RGO suspension would facilitate further processing and expand the range of 
possible applications[11, 42]. Thus, the stability of the GO and RGO suspensions were examined 
by employing zeta potential and electrophoretic mobility measurements. Zeta potential provides 
imperative information regarding particle aggregation and the kinetic stability of the suspensions. 
Electrophoretic mobility is the velocity of a particle that moves under the influence of an electric 
field and it is associated with the zeta potential value. High absolute zeta potential and 
electrophoretic mobility values are desirable as they demonstrate production of a well-dispersed 
and stable suspension [43, 44]. Table 1 shows the zeta potential and electrophoretic mobility 
values of GO, GTP-RGO-WR1 and N2H4-RGO-WR1 suspensions. All measurements were 
carried out at pH=7. The high absolute zeta potential (-57.43 mV) and electrophoretic mobility 
values (-4.50 µmcm/Vs) listed in Table 1, support the conclusion that a well-dispersed and stable 
aqueous suspension of GO has been prepared. The high stability of the GO suspension was 
attributed to the electrostatic stabilisation [42], and the hydrophilic nature of GO [33].  
 The zeta potential and electrophoretic mobility values of the as-produced GTP-RGO-
WR1 suspension were -39.43 mV and -3.09 µmcm/Vs, respectively. Everett [45] has suggested 
that absolute zeta potential values greater than 30 mV represent an adequate mutual repulsion 
which ensures the stability of a suspension. This result shows that GTP possesses the capability 
to reduce GO and to stabilise the as-produced RGO sheets. The increased stability of the GTP-
RGO-WR1 suspension is most likely due primarily to the π-π interactions between the GTP and 
RGO layers [18, 34], in addition to the steric effect caused by the incorporation of GTP [46]. On 
the contrary, high agglomeration of N2H4-RGO-WR1 sheets was observed as the instability of 
RGO produced was clearly shown by low absolute zeta potential (-15.50 mV) and 
electrophoretic mobility values (-1.21 µmcm/Vs). This high agglomeration was reported to be 
due to an increase in the interlayer van der Waals interactions [14]. 
 
3.3  Reduction mechanism of GO by GTP 
 
 In this study, the possible reduction mechanism of GO by GTP was investigated using 
Gaussian 09 and GaussView 5 software. All of the input and output structures were modelled 
using GaussView 5 software while the subsequent calculations involving the structures and 
energies were computed using Gaussian 09 software. We found that the epoxide removal from 
GO was initiated by the ring opening of epoxy groups due to the transfer of hydrogen atom from 
EGCG in GTP. This mechanism was shown in Fig. 7. In the first step of this mechanism, the 
EGCG (ring D) attacks the sp2 carbon located at the meta position of epoxide in GO (ring E) as 
portrayed in Fig. 7(a). One hydrogen atom was transferred from ring D to the oxygen atom of the 
epoxide group. In the meantime, GO rotates in a rotatory mode causing the epoxide group to 
revolve from the upper side to the lower side. The transfer of the hydrogen atom initiates the ring 
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opening of epoxide group and led to the formation of hydroxyl group as shown in Fig. 7(b). The 
C-O-C bond between ring D and ring E was formed, yielding intermediate structure as illustrated 
in Fig. 7(c). In the next step of this mechanism, another hydrogen atom was transferred from ring 
D to the hydroxyl group while the C-O-C bond between ring D and ring E was broken as shown 
in Fig. 7(d). This led to the formation of the products namely GTP-RGO-WR1, galloyl-derived 
orthoquinone and a water molecule (Fig. 7(e)). 
 We also investigating the reduction mechanism of GO by N2H4 using the same level of 
functional theory (B3LYP/3-21G) as we intend to compare the reduction efficiency of GTP to the 
standard reducing agent, N2H4. The mechanism of the epoxide removal using N2H4 was found to 
be similar to the mechanism using GTP. The equilibrium structures of GO with epoxide group 
and N2H4 were shown in Fig. 8(a). N2H4 attacks the sp
2 carbon nearest to the epoxide group from 
backside and transfers one hydrogen atom to the epoxide group, resulted in the initiation of ring 
opening of epoxide group and the formation of hydroxyl group as illustrated in Fig. 8(b). The 
hydrazino group (-HNNH2) was attached to the ring E and formed intermediate structure (Fig. 
8(c)). Another hydrogen atom was transferred from the hydrazino group to the hydroxyl group as 
shown in Fig. 8(d). This yields N2H4-RGO-WR1, cis-diazene (N2H2) and a water molecule as 
portrayed in Fig. 8(e).  
 Subsequently, the thermodynamic quantities (i.e., ∆S and ∆G) of the stationary points 
were calculated using frequency analysis tool which was incorporated within Gaussian 09 
software. Table 2 shows the ∆H, ∆S and ∆G for all the stationary points involved in the GO 
reduction using GTP and N2H4 at 90°C. All the values of thermodynamic quantities for reactant 
were zero since all the values of thermodynamic quantities for other stationary points were 
defined based on the values of the reactant. Table 2 shows that the ∆H for GO reduction using 
GTP and N2H4 are -14.053 kcal/mol and -16.021 kcal/mol, respectively indicating that both of 
these reactions are exothermic. In the meantime, the frequency calculations reveal that the ∆S for 
the GO reduction using GTP and N2H4 are 0.039 kcal/mol·K and 0.035 kcal/mol·K, respectively. 
S is a state function in which it depends only on the initial and final state of the system, 
regardless of the path by which the changes take place [47]. A spontaneous process has a 
tendency for S to increase. From the result of the frequency calculations, the GO reduction using 
GTP was demonstrated to possess higher ∆S than the reduction using N2H4 indicating more 
spontaneous and more favourable reaction that likely to occur. Meanwhile, the step change from 
intermediate to transition state structure, ts2 was determined to be the rate-determining step for 
both the GO reduction using GTP and N2H4[48]. This step has G barrier of 52.880 kcal/mol and 
99.692 kcal/mol for reduction using GTP and N2H4, respectively. The rate-determining step is the 
mechanism step with the greater energy barrier (i.e., the slowest step), thus this step has the 
greatest influence on the reaction rate[48]. The GO reduction using GTP was found to be more 
efficient and relatively took place faster than the reduction using N2H4 since the G barrier for GO 
reduction using GTP was lower than that of N2H4. 
 
3.4. Cytotoxicity evaluation 
 
 The cytotoxicity of GO and GTP-RGO samples was investigated in terms of 
mitochondrial respiratory activity of CCD-18Co cells. We sought to evaluate the effect of 
concentration on the toxicological behaviour of GO and GTP-RGO samples. For this 
cytotoxicity evaluation, two GTP-RGO suspensions were prepared using WR of GTP/GO =1 
(GTP-RGO-WR1) and WR of GTP/GO=5 (GTP-RGO-WR5) were subjected to cytotoxicity 
Page 17 of 37 RSC Advances
9 
 
testing. Both of these GTP-RGO suspensions were selected for this testing to examine the effect 
of higher GTP incorporation on the cytotoxicity of GTP-RGO suspension. The effect of different 
concentrations of GO, GTP-RGO-WR1, GTP-RGO-WR5 and GTP on the metabolic activity of 
CCD-18Co cells was shown in Fig. 9. 
 
 For GO, GTP-RGO-WR1 and GTP-RGO-WR5 samples, the MTT assays reveal that the 
percentage inhibition of cell proliferation was increased with increasing concentration of the test 
samples. GO sample inhibits almost 50% of CCD-18Co cell proliferation even at the lowest 
concentration (6.25 µg/mL). This indicates that the GO is toxic towards CCD-18Co cells. 
However, at a similar concentration (6.25 µg/mL), the percent inhibition of cell proliferation by 
GTP-RGO-WR1 was reduced significantly compared to GO. The decrease of the toxicological 
effect of GTP-RGO-WR1 may be due to the incorporation of GTP in the RGO suspension. 
Meanwhile, the MTT assay shows that the percent inhibition of cell proliferation of GTP-RGO-
WR5 was lower than GTP-RGO-WR1 at a concentration of 6.25 µg/mL. This finding indicates 
that the incorporation of a higher amount of GTP resulted in a further decrease in toxicity of 
GTP-RGO samples. This result was further supported by the zero percent inhibition of cell 
proliferation by the GTP sample (at 6.25 µg/mL), which suggests the non-toxicological effect of 
GTP and its ability to reduce the toxicity effects of GTP-RGO samples.  
 Despite the promising results of GTP-RGO-WR1 and GTP-RGO-WR5 at low 
concentration (6.25 µg/mL), the inhibition of cell proliferation (45-60%) of these GTP-RGO 
samples at higher concentrations (100 and 200 µg/mL) indicates slightly toxic effects. The 
toxicological effects of GTP-RGO samples at higher concentrations could be reduced by adding 
biocompatible materials including chitosan, polyethylene glycol (PEG) and polyethylenimine 
(PEI) to the RGO suspension[49, 50]. 
 Fig. 10(a-e) shows the micrograph images of the untreated CCD-18Co cells and the cells 
48 hours after treatment with GO, GTP-RGO-WR1, GTP-RGO-WR5 and GTP samples with a 
concentration of 6.25 µg/mL, respectively. From Fig. 10(a), the untreated cells from the control 
group show the normal features of a healthy CCD-18Co cells[51], whilst, the morphology of the 
CCD-18Co cells was distorted post treatment with GO as illustrated in Fig. 10(b). This reveals 
significant inhibition in cell proliferation after treatment with GO even at low concentration 
(6.25 µg/mL). As depicted in Fig. 10(c), the morphology of the cells was slightly distorted 
compared to the untreated cells. This indicates that the GTP-RGO-WR1 possesses slightly toxic 
effect towards CCD-18Co cells at low concentration. The cellular morphologies and populations 
of the cells treated with GTP-RGO-WR5 and GTP were almost similar to that of the control 
group as shown in Fig. 10(d) and Fig. 10(e), respectively. These observations indicate that the 
GTP-RGO-WR5 and GTP are non-toxic toward CCD-18Co cells at low concentration. The 
results from the cytotoxicity testing have shown that GTP possesses the ability to reduce the 
toxicological effect of GTP-RGO suspensions. Although the results from the cytotoxicity testing 
are promising, more intensive in vitro and in vivo studies are needed to fully understand the 
interactions between GTP-RGO and living cells in a biological system before any clinical 
applications can be realised.    
 
4. Conclusions 
 
 The utilisation of GTP as a reducing agent has resulted in the successful reduction of GO 
and the preparation of a stable and well-dispersed GTP-RGO suspension in aqueous media. As a 
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safer and more environmental-friendly reducing agent, GTP has been demonstrated to possess 
comparable reduction efficiency relative to standard reducing agent, N2H4.It was found that the 
epoxide removal from GO was initiated by the ring opening of epoxy groups due to the transfer 
of hydrogen atom from EGCG in GTP. Our frequency calculations also suggest that the GO 
reduction using GTP was more favourable to occur and took place faster than the reduction using 
N2H4. The cell culture experiments have shown that the incorporation of GTP resulted in the 
decrease of the toxicological effects of the GTP-RGO samples. 
 The RGO prepared using GTP in this study shows low toxicity toward human cells and 
therefore can be considered to be an attractive material for biomedical applications.   
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Fig. 1. Schematic illustration of the structures of the reactants; (a) GO with epoxy group, (b) 
EGCG and the predicted products; (c) GTP-RGO-WR1, (d) galloyl-derived orthoquinone, (e) 
water that involved in the GO reduction process. 
 
Fig. 2. (a) Digital images of GO (left) and GTP-RGO-WR1 (right). (b) UV-Vis absorption 
spectra of GO, and GTP-RGO-WR1 as a function of reaction time.   
 
Fig. 3. FTIR spectra of GO and GTP-RGO-WR1. 
 
Fig. 4. TGA curves of GO and GTP-RGO-WR1. 
 
Fig. 5. UV-Vis absorption spectra of GTP-RGO-WR1 and N2H4-RGO-WR1. 
 
Fig. 6. C1s XPS spectra of GO, GTP-RGO-WR1 and N2H4-RGO-WR1. 
 
Fig. 7.The atomic structures for stationary points involved in the GO reduction using GTP. 
 
Fig. 8. The atomic structures for stationary points involved in the GO reduction using N2H4. 
 
Fig. 9. Effect of different concentrations of GO, GTP-RGO-WR1, GTP-RGO-WR5 and GTP 
samples on the metabolic activity of CCD-18Co cells line as measured using MTT assay. The 
data were presented as means ± standard deviation with probability value, p <0.05 (each sample 
was examined in triplicate (n = 3)). 
 
Fig. 10. Micrograph images of CCD-18Co cells line after 48 hours treatment with the samples; 
(a) control cells, (b) GO, (c) GTP-RGO-WR1, (d) GTP-RGO-WR5 and (e) GTP. The arrows 
show the location of the distorted cells line. 
 
Table 1. Zeta potential and electrophoretic mobility values of GO, GTP-RGO-WR1 and N2H4-
RGO-WR1. All samples were measured at pH=7. 
 
Table 2.The enthalpy change, ∆H (kcal/mol), entropy change, ∆S (kcal/mol·K) and Gibbs free 
energy change, ∆G (kcal/mol) for stationary points involved in the GO reduction using GTP and 
N2H4 at 90°C. All of the thermodynamic quantities were calculated at the theory level of 
B3LYP/3-21G. 
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Fig. 1. Schematic illustration of the structures of the reactants; (a) GO with epoxy group, (b) EGCG and the 
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Fig. 2. (a) Digital images of GO (left) and GTP-RGO-WR1 (right). (b) UV-Vis absorption spectra of GO, and 
GTP-RGO-WR1 as a function of reaction time.    
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Fig. 3. FTIR spectra of GO and GTP-RGO-WR1.  
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Fig. 4. TGA curves of GO and GTP-RGO-WR1.  
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Fig. 5. UV-Vis absorption spectra of GTP-RGO-WR1 and N2H4-RGO-WR1.  
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Fig. 6. C1s XPS spectra of GO, GTP-RGO-WR1 and N2H4-RGO-WR1.  
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Fig. 7. The atomic structures for stationary points involved in the GO reduction using GTP.  
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Fig. 8. The atomic structures for stationary points involved in the GO reduction using N2H4.  
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Fig. 9. Effect of different concentrations of GO, GTP-RGO-WR1, GTP-RGO-WR5 and GTP samples on the 
metabolic activity of CCD-18Co cells line as measured using MTT assay. The data were presented as means 
± standard deviation with probability value, p <0.05 (each sample was examined in triplicate (n = 3)).  
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Fig. 10. Micrograph images of CCD-18Co cells line after 48 hours treatment with the samples; (a) control 
cells, (b) GO, (c) GTP-RGO-WR1, (d) GTP-RGO-WR5 and (e) GTP. The arrows show the location of the 
distorted cells line.  
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Table 1. Zeta potential and electrophoretic mobility values of GO, GTP-RGO-WR1 and N2H4-
RGO-WR1. All samples were measured at pH=7. 
 
Sample 
Zeta potential 
(mV) 
Electrophoretic 
mobility 
(µmcm/Vs) 
GO -57.43 ± 0.72 -4.50 ± 0.06 
GTP-RGO-WR1 -39.43 ± 2.16 -3.09 ± 0.17 
N2H4-RGO-WR1 -15.50 ± 0.30 -1.21 ± 0.02 
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Table 2. The enthalpy change, ∆H (kcal/mol), entropy change, ∆S (kcal/mol·K) and Gibbs free 
energy change, ∆G (kcal/mol) for stationary points involved in the GO reduction using GTP and 
N2H4 at 90°C. All of the thermodynamic quantities were calculated at the theory level of 
B3LYP/3-21G. 
 
 
 
 GO + GTP  GO + N2H4 
∆H ∆S ∆G  ∆H ∆S ∆G 
reactant 0.000 0.000 0.000  0.000 0.000 0.000 
ts1 9.204 -0.074 36.096  26.174 -0.042 41.354 
intermediate -35.020 -0.050 -16.773  -30.916 -0.041 -16.193 
ts2 9.228 -0.074 36.107  68.122 -0.042 83.499 
product -14.053 0.039 -28.132  -16.021 0.035 -28.860 
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S2 
Fig. S1. Reaction energy profiles for the GO reduction using (a) GTP and (b) N2H4 calculated at 
the functional theory level of B3LYP/3-21G. The values of ∆H (kcal/mol) and ∆G (kcal/mol) at 
90ºC were shown in normal typefaces without and with parentheses, respectively. 
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S3 
Table S1. Calculated total energies (Etotal), entropies (S), Gibbs free energies (G), enthalpies (H) 
and zero-point energies (ZPE) for species investigated in this study at the functional theory level 
of B3LYP/3-21G. 
Species Etotal (a.u.) 
S 
(cal.mol
-
1
K
-1
)
G (a.u.) H (a.u.) 
ZPE 
(a.u.) 
GO + 
GTP 
(EGCG) 
reactant 
GO + 
epoxide 
-305.5824 78.4650 -305.6267 -305.5813 0.1041 
EGCG -1666.9518 215.0720 -1667.0751 -1666.9506 0.3773 
ts1 -1972.5184 219.4850 -1972.6443 -1972.5172 0.4703 
intermediate -1972.5889 243.2910 -1972.7285 -1972.5877 0.4869 
ts2 -1972.5183 219.5220 -1972.6442 -1972.5172 0.4704 
product 
GTP-RGO-
WR1 
-230.8678 72.8740 -230.9088 -230.8667 0.1017 
galloyl-
derived 
orthoquinone 
-1665.7392 212.5490 -1665.8610 -1665.7380 0.3547 
water -75.9507 46.8830 -75.9767 -75.9496 0.0198 
GO + 
N2H4 
reactant 
GO + 
epoxide 
-305.5824 78.4650 -305.6267 -305.5813 0.1041 
N2H4 -111.1723 59.9340 -111.2058 -111.1711 0.0517 
ts1 -416.7119 96.5980 -416.7666 -416.7107 0.1574 
intermediate -416.8029 97.8570 -416.8583 -416.8017 0.1596 
ts2 -416.6450 96.0560 -416.6995 -416.6439 0.1477 
product 
N2H4-RGO-
WR1 
-230.8678 72.8740 -230.9088 -230.8667 0.1017 
N2H2 -109.9629 53.9950 -109.9930 -109.9617 0.0258 
water -75.9507 46.8830 -75.9767 -75.9496 0.0198 
*1 a.u. = 627.5 kcal/mol
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